Growth/Differentiation Factor 5 (GDF5) plays an important role in limb mesenchymal cell condensation and chondrogenesis. Here we demonstrate, using high density cultures of chick embryonic limb mesenchyme, that GDF5 misexpression increased condensation of chondroprogenitor cells and enhanced chondrogenic differentiation. These effects were observed in the absence of altered cellular viability or biosynthetic activity, suggesting that GDF5 action might be directed at the level of cellular adhesion or cell-cell communication. GDF5-enhanced condensation occurred independent of cell density or N-cadherin mediated adhesion and signaling, but was inhibited upon interference of gap junction mediated communication. p38 MAP kinase signaling was required for the GDF5 effect on chondrocyte differentiation, but not for mesenchymal condensation. These findings suggest gap junction involvement in the action of GDF5 in developmental chondrogenesis. q
Introduction
Endochondral ossification, the process by which the bones of the limb are formed, involves the aggregation of mesenchymal cells to form cartilage, which is subsequently replaced by mineralized bone. The central mesenchymal blastema of the limb undergoes proliferation, condenses into the shape of future bone elements and differentiates into chondrocytes, as reviewed by DeLise et al. (2000a) . This pre-cartilage condensation, which provides the shape, size and position of future skeletal elements, is a result of increased cellular density, not of increased cellular proliferation (Summerbell and Wolpert, 1972) . The condensation phase of chondrogenesis depends upon increased cellular adhesion, and results in cellular communication via gap junctions (Dealy et al., 1994; Meyer et al., 1997; Oberlender and Tuan, 1994a) . Cellular differentiation into chondrocytes includes an increase in sulfated proteoglycan and collagen type II secretion into the extracellular matrix (Archer et al., 1982; Shinomura et al., 1984) , as well as a phenotypic rounding of chondrogenic cells (Fell, 1925; Thorogood and Hinchliffe, 1975) . Understanding the molecular and cellular regulation of mesenchymal chondrogenesis is important for the elucidation of the biological basis of normal and abnormal limb development.
Growth/Differentiation Factor 5 (GDF5), a member of the bone morphogenetic protein (BMP) family and the transforming growth factor b (TGFb) superfamily, has been implicated as a key regulatory factor in the development of the skeletal structures of the limb (Chang et al., 1994; Lin et al., 1996; Storm et al., 1994; Storm and Kingsley, 1996) . Natural mutations in GDF5 are responsible for the brachypod (bp) phenotype seen in mice, resulting in alterations in skeletal patterning and development Mikic et al., 2002; Mikic et al., 2001; Storm et al., 1994; Storm and Kingsley, 1996; Wolfman et al., 1997) . The bp mouse has a normal axial skeleton, and a skull with severely malformed limbs. The long bones of the limb are reduced in length, and the autopod is flattened with multiple joint fusions and accessory bony elements (Gruneberg and Lee, 1973) . GDF5 mRNA expression localizes to the condensing mesenchyme of the limb as well as in future joint spaces, directly correlated with the position, number and timing of developing joints (Chang et al., 1994; Erlacher et al., 1998b; Francis-West et al., 1999; Storm et al., 1994; Storm and Kingsley, 1996) . Overexpression studies show that GDF5 increases the length and width of bones, enhances chondrogenesis, and produces joint fusions possibly through an increase in cellular adhesion or proliferation, depending upon the timing of expression (Francis-West et al., 1999; Francis-West et al., 1996; Storm and Kingsley, 1996) . During the early condensation phase of chondrogenesis, misexpression of GDF5 does not change the proliferation rate in condensing mesenchyme, but increases cell-cell adhesion. During the later stages of development, ectopic expression of GDF5 increases chondrocyte cellular proliferation and alters the size and shape of the developing skeleton (Francis-West et al., 1999) . Interestingly, GDF5 misexpression does not increase the rate of apoptosis in the forming joint and does not produce ectopic joints, suggesting GDF5 does not induce joint cavitation or determine the location of a joint (Merino et al., 1999) . However, it was shown that GDF5 regulates the expression of joint specific markers, perhaps thereby restricting joint formation (Hartmann and Tabin, 2001; Storm and Kingsley, 1996) . The exact cellular and molecular downstream mechanistic pathway of GDF5 remains to be completely understood.
Pre-cartilage cellular condensation relies upon cellular adhesion, to recruit chondrogenic mesenchymal cells to the central core of the limb, as well as upon enhanced cell-cell communication to organize the newly forming tissue and segregate future cartilaginous elements from the surrounding connective tissues. N-Cadherin, a Ca 2þ dependent cellcell adhesion molecule, is required for cellular condensation during mesenchymal chondrogenesis, both in vitro and in vivo. N-Cadherin exhibits a specific expression pattern in the developing limb, localizing first to aggregating cells in the central core of the limb during condensation, and continuing at the periphery of the precartilage core, but is reduced in level as chondrocytes undergo differentiation in the central region of the condensation (Oberlender and Tuan, 1994b) . Precise spatiotemporal protein expression, homotypic binding and intracellular signaling activity of Ncadherin are essential during chondrogenic condensation (DeLise and Tuan, 2002a,b) . Many developmental processes, including limb skeletogenesis, also require the segregation of signaling molecules into gradients or the functional compartmentalization of one cell type from another to generate information for differentiation and morphogenesis. Gap junction mediated cell-cell communication is a key component in these processes (Donahue, 2000; Lecanda et al., 1998; Lecanda et al., 2000; Levin, 2002) . Increased quantities of gap junctions in mesenchymal condensations have been hypothesized to influence cellular synchronization and cellular communication in many tissues, including the limb. Within the developing limb, transcripts of the gap junction gene, connexin 43 (Cx43, also termed Cx43a1 connexin), are strongly expressed in the condensing mesenchyme and perichondrium, and are thought to segregate the condensing mesenchyme of the developing skeletal elements from the surrounding mesoderm (Dealy et al., 1994; Meyer et al., 1997) .
In addition to cellular adhesion and intercellular communication, intracellular signaling involving Smad or MAP kinase proteins has been extensively studied during chondrogenesis. Members of the TGFb superfamily signal through the Smad cascade, as well as via MAP kinase proteins. For example, TGFb superfamily signaling, through the phosphorylation of ERK 1/2 and p38, regulates aggrecan and N-cadherin protein expression (Oh et al., 2000; Watanabe et al., 2001) . Interestingly, GDF5 stimulated intracellular signaling cascades have also been shown to stimulate the phosphorylation of both the Smad proteins (Aoki et al., 2001 ) as well as ERK and p38 MAP kinase (Nakamura et al., 1999) .
The specific role of GDF5 in limb mesenchymal cell condensation has not been examined to date. We hypothesize that GDF5 plays a role in early limb development during mesenchymal cell condensation by influencing cellcell interaction, involving cell adhesion and/or cellular communication via gap junctions. In this study, we utilized an in vitro high density micromass culture of chick embryonic limb mesenchymal cells to examine the downstream cellular and molecular mechanistic requirements of GDF5 action on mesenchymal condensation and chondrogenesis. Our results showed that GDF5 increased cellular condensation and the resultant chondrocyte maturation, not by increased cellular viability, biosynthetic activity, or through enhanced N-cadherin mediated cellular adhesion, but instead through gap junction mediated cellular communication. The subsequent maturation of these condensed cells required intracellular signaling via the p38 MAP kinase pathway.
Results

GDF5 treatment enhanced cellular condensation and chondrogenesis in high density mesenchymal cell micromass cultures
Two methods were used to expose high density micromass cultures of limb mesenchymal cells to GDF5. First, cultures were treated with recombinant human GDF5 (rhGDF5) on the day of plating, or for various time periods during culture as indicated. Second, cultures were electroporated on the day of plating with RCAS retroviral expression constructs containing GDF5 cDNA (RCAS -GDF5), while control cultures were electroporated with empty RCAS vectors (RCAS). In these transfected cultures, effective overexpression of GDF5 was revealed by immunoblotting of Day 3 micromass cultures infected with RCAS -GDF5 (Fig. 1A) .
On Day 1, cultures were fixed and stained with peanut agglutinin (PNA) to detect condensing chondroprogenitor cells (Fig. 1B, quantified in Fig. 1D ). Treatment of cultures with rhGDF5, as well as viral misexpression of GDF5, significantly enhanced PNA staining of micromass cultures as compared to control or empty RCAS infected cultures, observable on culture Day 1. Day 2 staining appeared similar in all treatment groups. On Day 3, PNA staining of micromass exposed to misexpressed GDF5 was more intense and/or expansive, extending to the periphery of the culture. Alcian blue staining of sulfated extracellular matrix in Day 3 cultures was carried out to assess the level of chondrogenesis. Cultures exposed to rhGDF5 or RCAS -GDF5 showed increased staining intensity as compared to their controls (Fig. 1B) . The enhanced level of chondrogenesis was confirmed by the increased expression of collagen type II in rhGDF5-treated cultures on Day 1 (Fig. 1C) .
We next examined the time requirement of GDF5 action on chondrogenesis. rhGDF5 was added to micromass cultures on the day of cell plating (Day 0), 24 h after plating (Day 1), or 48 h after plating (Day 2) with medium change to basal medium after 24 h, and compared to untreated control cultures. Alternatively, rhGDF5 was added to the culture medium from Day 0 to Day 3 or Day 1 to Day 3. All cultures were fixed on Day 3 and stained with alcian blue (Fig. 1E, left) , and the staining intensity quantified histomorphometrically (Fig. 1E, right) . Exposure of limb mesenchymal cell micromass cultures to rhGDF5 resulted in varied levels of enhancement of chondrogenesis, depending upon the timing and length of exposure. Of the single-day treatments, early administration, i.e. during the first 24-48 h (Day 1), was most effective in inducing cellular differentiation. A total treatment time of 2-3 days yielded the highest overall enhancement of chondrogenesis.
Effect of GDF5 on sulfate incorporation and nodule formation
Exposure to exogenous GDF5 either by treatment with rhGDF5 or by RCAS -GDF5 misexpression resulted in significantly increased extracellular matrix sulfated proteoglycan synthesis on the basis of [
35 S]-sulfate incorporation on Day 3 ( Fig. 2A) . To evaluate the relationship of matrix production with cartilage nodule formation, the number of alcian blue positive nodules on Day 3 was counted. An equivalent number of nodules were seen in GDF5-treated cultures (Fig. 2B) . Therefore, an increased amount of sulfated matrix was produced per nodule as a result of GDF5 exposure, which was confirmed by high magnification visual examination of the size of alcian blue stained nodules in these cultures (Fig. 2C ).
Effect of GDF5 on cellular viability, biosynthetic activity, and proliferation
The increase in cellular condensation and matrix secretion seen above could be attributed to an increase in cellular viability, biosynthetic activity, proliferation or cellular adhesion. Cellular viability was assayed during the 3-day culture period using the MTT procedure (Mosmann, 1983) . As shown in Fig. 3A , while cell number increased steadily as a function of culture time, GDF5 misexpression did not change cellular viability. [
3 H]-Leucine incorporation was used to estimate overall biosynthetic activity of the culture over the three day culture period; again, no changes resulted from GDF5 exposure (Fig. 3B) . Finally, cultures were labeled with BrdU ( Fig. 3C , quantified in Fig. 3D ) to detect cellular proliferation. BrdU incorporation was significantly enhanced in Day 1 rhGDF5-treated cultures, but decreased in Day 1 RCAS -GDF5 infected cultures as compared to their respective controls. No significant alteration in proliferation was observed on Day 2. Day 3 RCAS -GDF5 cultures showed a slight increase in proliferation rates as compared to RCAS controls.
GDF5 exposure enhanced cellular condensation and chondrogenesis in low cell density cultures
Precartilage cellular condensation is a cell densitydependent process, in that an initial threshold cell plating density is required to initiate cellular condensation (Osdoby and Caplan, 1979; Osdoby and Caplan, 1980; San Antonio and Tuan, 1986) . To examine whether GDF5 could act by altering the minimal cell density requirement, limb mesenchymal cells were plated at various densities in micromass cultures, keeping the total number of cells per culture constant, and treated with rhGDF5 ( Fig. 4A ). PNA staining on Day 1 revealed enhanced cellular condensation in cultures exposed to rhGDF5 at all cell densities $ 5 £ 10 6 cells/ml (Fig. 4A , quantified in Fig. 4B ). A significant increase in alcian blue staining was observed in all Day 3 rhGDF5 treated cultures plated at $ 5 £ 10 6 cells/ml, even at very low cell densities where cultures normally would not chondrify (Fig. 4A , quantified in Fig. 4C ).
rhGDF5 enhanced chondrogenesis was independent of N-cadherin mediated cellular adhesion or signaling
Limb mesenchymal cells were transfected by electroporation with RCAS -N-cadherin DNA constructs (DeLise and Tuan, 2002a) and treated with rhGDF5 upon initial cell plating. These N-cadherin expression constructs included a wild type N-cadherin, R-WT, and two mutant N-cadherins: R-ND and R-N390D (Fig. 5A, left) . The R-ND mutant lacked the intracellular signaling domain, with a M r of 127 kDa, lower than the wild type N-cadherin (A) Electroporation-mediated transfection of RCAS-GDF5 cDNA constructs. RCAS-GDF5 transfection on the day of plating resulted in increased GDF5 protein production, as shown by immunoblotting. (B) Effect on cellular condensation and chondrogenesis. PNA staining detected changes in cellular condensation as a result of misexpressed GDF5. On Day 1, PNA staining in rhGDF5 treated and RCAS-GDF5 infected cultures were more intense than control cultures. After three days in cultures, micromass exposed to increased amounts of GDF5 were more intensely stained than controls, extending farther to the edge of the culture. Alcian blue staining of Day 3 micromass for sulfated proteoglycan matrix molecules showed that cultures misexpressing GDF5 had more intense staining, indicating enhanced chondrocyte differentiation. (M r ¼ 130 kDa). R-N390D, with a deleted extracellular adhesion domain, was unable to interact homotypically with N-cadherin molecules on adjacent cells, and has a M r of 52 kDa. Fig. 5A (right) shows an immunoblot of micromass cultures transfected with the various RCAS -N-cadherin constructs, confirming overexpression of the WT protein, and expression of the mutant proteins, R-ND and R-N390D. Upon rhGDF5-treatment, all cultures showed a pattern of more intense PNA staining on Day 1, localizing only to the central region of the micromass (Fig. 5B , quantified in Fig. 5C ). Alcian blue staining of these cultures after three days in vitro showed strong staining in all rhGDF5 treated cultures, even in those expressing N-cadherin mutants, i.e. with compromised cellular adhesion and N-cadherin mediated signaling, suggesting that GDF5 is likely to act independently from N-cadherin mediated pathways (Fig. 5B, quantified in Fig. 5D ). Further proof of the independent pathways was obtained from the examination of the effect of GDF5 overexpression on N-cadherin expression by immunoblotting. No significant change in N-cadherin protein levels, as compared to controls, was seen in RCAS -GDF5 infected cultures over three days in culture (Fig. 5E ), as well as those treated with rhGDF5 (data not shown).
Dependence of GDF5 enhanced chondrogenesis upon gap junction mediated cellular communication
We next tested whether the GDF5 effect on mesenchymal cell condensation and chondrogenesis was dependent upon gap junctional cellular communication, another means of cell-cell interaction active in early chondrogenesis (Dealy et al., 1994; Meyer et al., 1997) . To facilitate analysis of the effects of GDF5 and its relationship to intercellular communication, cultures were plated at the low cell density of 5 £ 10 6 cells/ml. Alterations in gap junction communication can then be influenced by a variety of reagents, including oleamide and melatonin (Levin and Mercola, 1998) . The insertion of the lipid oleamide into the cell membrane decreases membrane fluidity and selectively alters connexin structure, therefore inhibiting connexinconnexin interactions and resulting in the collapse of the gap junction (Boger et al., 1998) . Alternatively, the hormone melatonin enhances gap junction communication between adjacent cells (Ubeda et al., 1995) . Alcian blue staining of Day 3 cultures, as compared to controls, revealed a reduction in rhGDF5 induced chondrogenesis in cultures with inhibited junctional communication, and an apparent, increased area of cartilaginous extracellular matrix production in cultures with enhanced junctional communication (Fig. 6A ). Ethanol and DMSO-treated cultures were used as vehicle controls. Cx43 protein levels remained constant with RCAS-GDF5 misexpression (Fig. 6B ) and rhGDF5 treatment (data not shown) over three days in culture.
rhGDF5 mediated chondrogenesis was dependent upon p38 MAP kinase signaling activity
Cultures were exposed to rhGDF5 and the p38 MAP kinase inhibitors, SB203580 and SC68376, or the MEK inhibitor, U0126, on the day of plating. Control cultures were treated with rhGDF5 and DMSO as a vehicle control. Cellular condensation on Day 1, as detected by PNA staining, remained relatively constant with p38 kinase inhibition or MEK inhibition (Fig. 7A) . On the other hand, rhGDF5 stimulated chondrogenesis on Day 3, as detected by alcian blue staining, was significantly reduced in cultures with inhibited p38 kinase activity, while cultures treated with the MEK inhibitor U0126 differentiated normally (Fig. 7A, quantified in Fig. 7B ).
Discussion
In this study we have utilized an in vitro high-density micromass cultures of chicken embryonic limb mesenchyme cells to investigate the cellular mechanism of GDF5 action on cartilage development. Our results showed that GDF5 enhanced limb mesenchymal cell condensation and subsequent cellular differentiation. The presence of exogenously added GDF5 protein during in vitro chondrogenesis did not affect cellular viability or overall biosynthetic activity, suggesting that its mechanism for influencing condensation would be mediated instead through altered cell-cell adhesion or cellular communication. Supporting this hypothesis, GDF5 was able to stimulate chondrogenic differentiation in cultures plated at densities normally nonpermissive for chondrogenesis. That GDF5 was able to enhance cellular differentiation into chondrocytes even under these conditions suggests that it is likely to act by enhancing the efficiency, not necessarily the abundance, of cell-cell interactions to enhance chondrogenesis. Our results showed that the activities of N-cadherin, a key mediator of cell-cell adhesion in chondrogenic condensation, are unlikely to be involved in GDF5-stimulated chondrogenesis. However, gap junction-mediated cellular communication, another mode of crucial cell-cell interactions required for mesenchymal cellular condensation and differentiation, was found to be necessary in GDF5 stimulated cellular differentiation. Additionally, the differentiation of GDF5 stimulated mesenchymal cell cultures also required intracellular signaling via the p38 MAP kinase pathway.
Exposure to GDF5 during the early stages of chondrogenesis in vitro resulted in enhanced cellular differentiation as assayed by alcian blue staining (Fig. 1) . This effect was dependent on GDF5 treatment within the first 24 -48 h of culture, suggesting that GDF5 acts by influencing the earlier steps of chondrogenesis, such as the cellular adhesion or communication occurring during condensation, instead of directly influencing matrix production in the late stages of chondrogenesis. PNA staining (Fig. 1) revealed that in cultures misexpressing GDF5, cellular condensation increased within the first 24 h of exposure, eventually extending farther to the edge of the micromass cultures to incorporate those cells in a lower density environment that normally would not chondrify. It is therefore probable that GDF5 influences mesenchymal cell condensation and therefore subsequent cellular differentiation into chondrocytes. Interestingly, in Day 3 rhGDF5-treated cultures, a slight decrease in PNA staining was observed, possibly because the PNA positive chondroprogenitor cells have in fact differentiated into PNA negative chondrocytes. Alternatively, the extracellular matrix in rhGDF5-treated cultures may be so thick, the PNA is unable to penetrate fully through the culture, thereby reducing PNA staining intensity. Regardless, the pattern of expanded staining to the edge of the micromass culture remains. 6 , 5 £ 10 6 , 10 £ 10 6 or 20 £ 10 6 cells/ml and treated with rhGDF5 on the day of plating. PNA staining on Day 1 showed increased cellular condensation upon rhGDF5 treatment at all plating densities, except at the lowest density of 2.5 £ 10 6 cells/ml. Alcian blue staining of Day 3 cultures revealed enhanced cellular maturation and sulfated matrix production as a result of rhGDF5 exposure, even at the lower plating densities. (B) Quantitation of PNA staining intensity. A density-dependent increase in cellular condensation was observed. A statistically significant increase in PNA staining was seen as a result of rhGDF5 treatment in all cultures plated at .2.5 £ 10 6 cells/ml (*, P , 0:0001; n ¼ 3). (C) Quantitation of alcian blue staining intensity. Chondrogenesis increased as a function of increasing cell density. A statistically significant increase in alcian blue staining (*, P ¼ 0:0274; **, P ¼ 0:0005; ***, P ¼ 0:0037; n ¼ 3) was observed in all cultures plated at .2.5 £ 10 6 cells/ml as a result of rhGDF5-treatment. All staining intensities are expressed as arbitrary units. Statistical significance was determined by comparing rhGDF5 treated to untreated controls at each cell plating density.
Similar to GDF5, other members of the TGFb superfamily are expressed in the developing limb, and may act to enhance the condensation phase of endochondral ossification, and therefore subsequent chondrocyte differentiation (Heine et al., 1987; Kulyk et al., 1989; Leonard et al., 1991; Lyons et al., 1990; Moses and Serra, 1996; Serra et al., 1997) . For example, BMPs 2, 3 and 4 have previously been shown to enhance chondrogenic differentiation (Yi et al., 2000; Denker et al., 1999; Denker et al., 1995; Roark and Greer, 1994; Carrington et al., 1991) , even in the presence of chondrogenic inhibitors Chen et al., 1992) . GDF5, therefore, influences the early steps of cartilage development in a manner reminiscent of other BMP members of the TGFb superfamily of proteins. . Compared to untreated controls, a significant enhancement of alcian blue staining was observed as a result of rhGDF5 treatment (*, P ¼ 0:0062; **, P ¼ 0:0245; ***, P ¼ 0:0004; #, P ¼, 0:0001; n ¼ 3). Note the expected decrease in chondrogenic differentiation upon misexpression of the various forms of N-cadherin (DeLise et al., 2002a&b) . All staining intensities in (C) and (D) are expressed as arbitrary units. Statistical significance was determined by comparing rhGDF5 treated to untreated controls in each virally infected group. (E) Immunoblotting for N-cadherin in RCAS -GDF5 infected cultures over three days in vitro showed no alteration in N-cadherin protein levels, compared to controls, as a result of GDF5 overexpression. Note the differentiation associated decrease in N-cadherin level as a function of culture time seen in both RCAS control and RCAS-GDF5 transfected cultures.
GDF5-stimulated chondrogenic differentiation resulted in the enhanced expression of collagen type II, characteristic of cartilage formation. That cultures exposed to rhGDF5 showed collagen type II protein as early as 24 h (Fig. 1) suggested accelerated cellular differentiation during the earlier stages of chondrogenesis. Production of a cartilagelike extracellular matrix was also assayed by alcian blue staining of sulfated proteoglycans (Fig. 1) and metabolic sulfate incorporation (Fig. 2) . Interestingly, the increased level of cartilage matrix formation upon GDF5 exposure was a result of more matrix produced per nodule, not an increase in nodule number. GDF5 therefore stimulated cellular condensation into nodules and then further enhanced their cellular differentiation.
Multiple pathways can influence cellular condensation, including enhanced cellular viability or cell number. Alternatively, increased cell-cell adhesion and/or cell-cell communication leading to organization of distinct cell subpopulations could also contribute to the enhancement of condensational behavior of the loose mesenchymal cells. Further analysis revealed that the mechanism of action of GDF5 during chondrogenesis did not involve changes in cellular viability or biosynthetic activities, suggesting that GDF5 may act by influencing cellular adhesion or cell-cell communication. However, on the first day of culture, an enhancement in cellular proliferation was observed in rhGDF5-treated cultures, while a decrease in proliferation was observed in RCAS-GDF5 infected cultures. Regardless of this difference in proliferative response, similar rates of biosynthetic activity and similar morphogenic responses to GDF5 exposure were observed in these cultures, suggesting the cellular response to GDF5 is not likely dependent upon changes in cellular proliferation, but instead involves other cell-density dependent activities, such as cell adhesion or cell-cell communication. Francis-West et al. (1999) suggested a similar pathway for GDF5 in that the presence of GDF5 protein enhances cellular adhesion, although no specific mechanism was proposed.
Support for GDF5 playing a role in cell-cell interactions during condensation also comes from our observation of the effect of GDF5 on limb mesenchymal cells plated at various cell densities. Normally, when cells are plated below a critical threshold density, cell-cell interactions are greatly minimized, such that condensation does not take place and chondrogenesis does not progress (Osdoby and Caplan, 1979; Osdoby and Caplan, 1980; San Antonio and Tuan, 1986) . Our results showed that even when cells were plated at low densities, rhGDF5 treatment increased PNA staining and cellular aggregation as well as enhanced cellular differentiation (Fig. 4) . At these low densities, cells existed essentially as a monolayer, therefore, cellular contacts were minimal. That GDF5 increased cellular differentiation into chondrocytes even under these conditions suggests it must act by enhancing the efficiency, not necessarily the abundance, of cell-cell interactions to enhance chondrogenesis. Interestingly, other BMP family members, such as BMP3 and BMP4, have also been shown to increase cellular differentiation even at low plating densities Carrington et al., 1991) .
We next investigated this mechanism by focusing on two pathways of cell-cell interactions: N-cadherin mediated cell-cell adhesion and gap junction mediated cell-cell communication, both of which have been previously implicated in mesenchymal chondrogenesis. We infected micromass cultures with various RCAS-N-cadherin constructs and deletion mutants; we have previously used these constructs to modify the temporal and quantitative/qualitative profiles of N-cadherin expression, and have shown that both N-cadherin homotypic interaction and signaling are required in the regulation of chondrogenesis (DeLise and Tuan, 2002a; DeLise and Tuan, 2002b) . The condensation and differentiation patterns we observed in these cultures containing misexpressed N-cadherin were consistent with our earlier observations. Our results also show that the GDF5 chondro-enhancing effect acts independently from N-cadherin mediated adhesion or intracellular signaling (Fig. 5) . Importantly, cultures treated with rhGDF5 stained positively for PNA as well as alcian blue in the presence of mutant N-cadherin proteins, suggesting that the mechanistic actions of GDF5 may lie downstream, or in an alternative pathway, of the N-cadherin mediated pathway. Interestingly, the presence of GDF5 in these cultures restored the level of chondrogenic differentiation to that seen in control cultures, as assayed by alcian blue staining. Immunoblotting analysis showed that the presence of GDF5 did not alter or enhance the production of endogenous N-cadherin protein under either normal conditions or in the presence of the mutant N-cadherin proteins. When interpreted with the observation of chondrogenic differentiation at low cell densities, these findings suggest that GDF5 action on mesenchymal cell condensation and chondrogenesis involves pathways that are not rate-limited by N-cadherinmediated adhesion or signaling.
Our results support previous claims that gap junction mediated cell-cell communication is required in limb mesenchymal chondrogenesis (Coelho and Kosher, 1991a; Coelho and Kosher, 1991b; Dealy et al., 1994; Meyer et al., 1997) . GDF5 enhancement of chondrogenesis was reduced in the presence of inhibited gap junction communication, but enhanced in the presence of promoted communication (Fig. 6) . Although no statistically significant increase in alcian blue staining intensity was observed in melatonintreated cultures, the staining pattern is more concentrated in the center of the culture, as compared to the punctate, nodular staining in DMSO-treated controls. Immunoblotting showed no alteration in Cx43 protein level resulting from GDF5 treatment, suggesting GDF5 does not influence protein production during condensation and chondrogenesis. However, this does not dismiss the possibility that GDF5 influences the activity of the gap junctional pore to further influence cellular communication. GDF5-stimulated chondrogenesis is therefore dependent upon the communicative activity of the gap junctional pore.
GDF5 binds to the BMP type I receptor, BMPR-IB, as well as the BMP type two receptors BMPRII and ActRII (Erlacher et al., 1998a; Nishitoh et al., 1996; Yi et al., 2000) . Through these BMP receptors, GDF5 initiates intracellular signaling through the phosphorylation of Smads 1, 5 and 8 (Aoki et al., 2001 ). It has also been shown in the mouse ATDC cell line that p38 kinase, a member of the MAP kinase signaling protein family, is involved in GDF5-stimulated cellular maturation (Nakamura et al., 1999) . The presence of GDF5 was shown to specifically induce the phosphorylation of p38 MAP kinase and ERK, but not JNK. Nakamura et al. hypothesized that p38 MAP kinase signaling stimulated by GDF5 was necessary for cellular condensation and therefore chondrocyte differentiation. Here, we demonstrate the dependence of GDF5-enhanced cellular differentiation, but not cellular condensation, on p38 MAP kinase signaling (Fig. 7) . The presence of p38 MAP kinase inhibitors does not inhibit GDF5-stimulated cellular aggregation into condensations, as seen with PNA staining, but did severely reduce sulfated proteoglycan production. Therefore, the initial cellular reaction to GDF5 signaling is not transduced via p38 MAP kinase signaling; this pathway is however necessary for the downstream differentiation of these cells, presumably via p38 MAP kinase mediated regulation of chondrocyte-specific genes, such as aggrecan (Oh et al., 2000; Watanabe et al., 2001) . Interestingly, inhibited MEK1 signaling enhanced cellular condensation, but is not involved in cellular differentiation.
Based on these findings, we therefore propose that the presence of GDF5 enhances cellular communication and organization via gap junctional communication during the condensation phase of embryonic limb mesenchymal cell chondrogenesis, and does so in a manner independent of cellular viability, biosynthetic activity, or N-cadherinmediated cellular adhesion and signaling. GDF5 stimulated cellular condensation, most likely utilizing a pathway involving Smad intracellular signaling, relies upon signaling mechanisms separate from p38 MAP kinase. However, the differentiation of these condensed cells requires p38 MAP kinase signaling.
Experimental procedures
Chick limb mesenchymal cell culture and electroporation
Micromass culture: The protocol described here is a modification of the methods described by Ahrens et al. (1977) and DeLise et al. (2000b) . Fertilized White Leghorn chicken eggs from Charles River SPAFAS (Preston, CT) were incubated at 37 8C in a humidified incubator for four days. Limb buds from Hamburger-Hamilton Stage 23 -24 chicks were dissected and digested in trypsin (Sigma, St. Louis, MO) and collagenase (Worthington, Lakewood, NJ) for 1 h at 37 8C. The single cell solution was concentrated by centrifugation and adjusted to 20 £ 10 6 cells/ml for all experiments except when stated otherwise. 15 ml drops were plated on Corning tissue culture plates (Corning, Corning, NY) and incubated at 37 8C in a humidified incubator with 5% CO 2 for 2 h, after which they were flooded with fetal bovine serum supplemented medium and treated with 150 ng/ml rhGDF5 (R&D Systems, Minneapolis, MN) unless specified otherwise. Alternatively, cells were electroporated before plating, as described below. Treatment with various inhibitors was carried out as follows on the day of plating: 1) oleamide dissolved in ethanol or melatonin dissolved in DMSO (Sigma, St. Louis, MO) as 1000 £ stock solutions, and used at final concentrations of 50 mM or 861 mM, respectively (Levin and Mercola, 1998) ; and 2) inhibitors of p38 kinase, including SB203580 and SC68376 (Calbiochem, La Jolla, CA), as well as the MEK inhibitor U0126 (Calbiochem, La Jolla, CA) were dissolved in DMSO as 1000 £ stock solutions and used at a final concentration 10 times their IC 50 (1.2 mM and 10 mM, respectively). Electroporation: Chick limb mesenchymal cells were electroporated with an RCAS -GDF5 cDNA construct, a gift from P. Francis-West (Francis-West et al., 1999) or RCAS -N-cadherin wild type or mutant cDNA constructs (DeLise and Tuan, 2002a) . Limb bud mesenchymal cells were isolated as described above and the concentration adjusted to 40 £ 10 6 cells/ml. A 400 ml aliquot of cells was placed in a 0.4 cm gap width electroporation cuvette (Invitrogen, Carlsbad, CA) along with 10 mg of RCAS plasmid. Cells were electroporated using the following parameters: 380 V, 250 mF, 1 V (Invitrogen, Carlsbad, CA). Electroporation leaves 50% of the cells viable, resulting in a final plating density of approximately 20 £ 10 6 cells/ml (DeLise and Tuan, 2002b). 
Cellular condensation and chondrogenic differentiation assays
Peanut agglutinin (PNA) staining: PNA staining is a characteristic of condensing mesenchymal chondroprogenitor cells (Aulthouse and Solursh, 1987; Milaire, 1991; Stringa et al., 1997) . Micromass cultures were fixed on Days 1, 2 and 3 after plating in 4% paraformaldehyde for 15 min, then incubated with 100 mg/ml horseradish peroxidase conjugated PNA (Sigma, St. Louis, MO) for 1 h. Cultures were developed with AEC (Zymed, San Francisco, CA) for 10 min (DeLise et al., 2000b; Stringa et al., 1997) . Alcian blue staining: Day 3 cultures were fixed in cold 4% paraformaldehyde for 15 min at room temperature and stained overnight in alcian blue, pH 1.0 (Sigma, St. Louis, MO; DeLise et al., 2000b) . The number of positively stained alcian blue nodules was quantified by a visual survey of the entire culture. Sulfate incorporation: Cultures were treated with 50 ng/ml rhGDF5 or electroporated as described above. After 48 h in culture, the culture medium was removed and replaced with fresh medium supplemented with 1 mCi/ml [H 3 ]-leucine and 2.5 mCi/ml [S 35 ]-sulfate (NEN, Boston, MA). Cultures were incubated for an additional 24 h, fixed in 4% paraformaldehyde and the radioactivity incorporated was determined by liquid scintillation counting. Sulfate incorporation was normalized to leucine incorporation (DeLise et al., 2000b; San Antonio and Tuan, 1986) .
Cell viability, biosynthetic activity and proliferation assays
The following was performed on each of the three days of culture. Cultures were treated with 50 ng/ml rhGDF5 or electroporated as described above. MTT assay: The culture medium was removed and MTT (Molecular Probes, Eugene, OR) was added to the culture, as previously described (DeLise and Tuan, 2000; Gerlier and Thomasset, 1986; Mosmann, 1983) . The MTT tetrazolium-derived precipitate, produced by active mitochondria, was dissolved and the A 560 was determined to estimate cellular viability. Biosynthetic activity: Micromass culture medium was supplemented with 1 mCi/ml of [H 3 ]-leucine. Cultures were incubated an additional 24 h, fixed in 4% paraformaldehyde, and the radioactivity incorporated was determined by liquid scintillation counting. BrdU labeling and staining: Mesenchymal cell cultures were treated with BrdU for 1 h using a commercial kit (Roche, Mannheim, Germany). Cells were fixed and stained as described in the product protocol.
Immunoblotting
Cellular protein was extracted by submersion of cells in an extraction buffer (1 mM CaCl 2 , 0.02% Triton-X, 0.02% NP40 in TBS) for 3 h at 4 8C. Protein concentration was determined using Bradford's solution (Bio-Rad, Hercules, CA). Alternatively, cultures with equivalent numbers of cells were processed as above, and the pellet containing extracellular matrix was saved. Samples containing 30 mg of cellular protein extract or one matrix pellet were separated on a 10% SDS -PAGE gel (Bio-Rad, Hercules, CA), 18% gel when probing for GDF5, and standardized with a Kaleidoscope marker (Bio-Rad, Hercules, CA). Electroblotting was done using a 0.22 mm nitrocellulose membrane (Bio-Rad, Hercules, CA), the blots were then blocked in 3% bovine serum albumin in TBS-T, incubated with a primary antibody for 2 h at 37 8C, probed with a secondary antibody in TBS-T, and developed using 5-bromo-4-cholor-3-indolyl and nitroblue tetrazolium (Zymed, San Francisco, CA). The following antibodies were used: GDF5 at a 1:250 dilution (R&D Systems, Minneapolis, MN); collagen type II antibody II-II6B3 at a 1:250 dilution (Developmental Studies Hybridoma Bank, Iowa City, IA); N-cadherin at a 1:100 dilution (Zymed, San Francisco, CA); and Cx43 at a 1:250 dilution(Zymed, San Francisco, CA). All secondary antibodies were purchased from Sigma (St. Louis, MO), and used in a 1:2000 dilution.
Image analysis
All micrographic images were digitally acquired using IP Lab (Version 3.2.4; Scanalytics, Inc., VA) and denotrometrically analyzed using Photoshop (Version 6.0; Adobe Systems, Inc., CA).
Statistics
All data were analyzed for statistical significance using Fisher's PLSD for relative percent.
